Abstract. Suppressor of cytokine signaling-1 (SOCS1) is a protein that negatively regulates cytokine and growth factor signaling. However, little is known regarding the precise role it plays in idiopathic pulmonary fibrosis. The aim of the present study was to construct a recombinant lentiviral vector for RNA interference targeting the SOCS1 gene and to detect the expression in human alveolar epithelial cells. A lentiviral vector-mediated RNA interference method was used to establish a SOCS1-negative cell line of alveolar origin (A549). Three pairs of complementary small hairpin RNA (shRNA) oligonucleotides targeting the SOCS1 gene were designed, synthesized and inserted into the pPll3.7 vector. Packaged lentivirus particles were obtained after 48 h, and the supernatant was used to transfect the human alveolar epithelial cell line A549. The expression of the SOCS1 protein was detected by Western blotting. MTT assay was used to detect the cell proliferation of alveolar epithelial cells with SOCS1 knockdown. The recombinant plasmids were confirmed by sequencing. The lentivirus-containing supernatant effectively infected the A549 cell line, and the expression of SOCS1 protein was inhibited, which was confirmed by Western blotting in the target cells. MTT assay indicated the inhibition effect for cell proliferation of A549 cells in the SOCS1-RNA interference group, compared to the control group with no interference-mediated silencing of the SOCS1 gene. A lentiviral vector for RNA interference targeting the SOCS1 gene was successfully constructed, and cell survival tests showed that knockdown of the SOCS1 gene promotes the apoptosis of alveolar cells.
Introduction
Suppressor of cytokine signaling (SOCS) is a family of proteins which negatively regulate cytokine and growth factor signaling. There are eight members and most of them take part in a negative feedback loop to attenuate cytokine signaling (1) (2) (3) . Among them, SOCS1 was initially recognized as a repressor factor of IFN-γ, which is a critical molecule involved in the initiation of inflammation and is required for normal postnatal growth and survival (4) (5) (6) . Knockout studies in mice suggest the role of SOCS1 as a modulator of IFN-γ action (7) . Further studies have shown that SOCS1 can be induced by the activated janus kinase family (JAK) and the signaling transduction and activators of transcription family (STATs), and may downregulate the JAK/Stats signaling pathway (8) , which plays an important role in the initiation and activation of inflammation, through inhibition of the phosphorylation of kinase mentioned above.
Recently, Serezani et al found that expression of myeloid differentiation factor (MyD88) (9) , a downstream signaling molecule of the Toll-like receptor (TLR) 4 pathway (10, 11) , and responsiveness to the TLR4 ligand LPS were decreased by Stat1 siRNA silencing in macrophages and restored by Socs1 siRNA. The overexpression of TLR4 was found to induce excess inflammation, which is involved in tissue injury and epithelial damage. Our previous study demonstrated that TLR4 plays an important part in airway inflammation, particularly in alveolitis. We stimulated the alveolar epithelium with different concentrations of LPS and found that the level of mRNA of TLR4 in type II alveolar epithelium increased in accordance with the concentration of LPS (12) .
Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic disease of the lungs that increases with advanced age. Recent evidence indicates that TLRs are implicated in the pathogenesis of fibrotic lung disorders (13, 14) . However, it remains unknown whether SOCS1 is a repressor factor for the chronic inflammation of IPF through its inhibitory effect on the TLR signaling pathway.
In our previous study, we hypothesized that downregulation of SOCS1 suppresses chronic inflammation of the airway, which was initiated by the TLR4-related signaling pathway. Therefore, we conducted a recombinant lentiviral vector with a knockdown effect targeting SOCS1, using an RNA interference method. The aim of the present study was to further investigate the regulatory effect of SOCS1 on alveolar epithelial cells.
Materials and methods

Materials and reagents.
MTT kit was purchased from SigmaAldrich Corp. (St. Louis, MO, USA). DMEM medium was provided by Sigma-Aldrich. Fetal bovine serum (FBS) was obtained from Invitrogen Gibco (NY, USA). Packaging cell 293T was purchased from the Cytology Center of the Chinese Academy of Science (Shanghai, China). Recombinant human TGF-β1 was purchased from R&D Systems (Minneapolis, MN, USA). The restricted enzyme was purchased from Fermentas (Hanover, MD, USA), and Protease Inhibitor Cocktail was from Merck Calbiochem (Darmstadt, Germany). Rabbit polyclonal antibody against human SOCS1 was from Santa Cruz Biotechnology (Heidelberg, Germany), and against human β-actin was from Sigma-Aldrich. The gel extraction kit was from Qiagen (Hilden, Germany). Oligonucleotides were synthesized by Biotelevector (Shanghai, China).
Cell lines and culture conditions. A549 cells (ATCC CL-185) were preserved at the Cytology Center of the Chinese Academy of Science. Cells were maintained in DMEM medium supplemented with 10% FBS at 37˚C under an atmosphere of 5% CO 2 . The media were changed every 48 h.
In order to examine cell survival, cell cultures at ~70% confluence were serum-starved overnight and then treated with TGF-β1 in culture medium containing 2% FBS for 72 h. BbsI and XhoI restriction sites were introduced at the end. A pair of oligonucleotides was annealed according to the following method: 95˚C, 5 min; 85˚C, 5 min; 75˚C, 5 min; 70˚C, 5 min. After annealing, double-stranded shRNA templates were diluted (1:50) and further ligated to the lentiviral vector pPll3.7, which was double digested with XhoI/HpaI. Vector Pll3.7 was used without oligonucleotides as a negative control. JM 109 E. coli cells were then transformed; we selected the colony and extracted the recombinant plasmids for sequencing.
Lentiviral packaging and titering. We co-transfected 293T cell lines with each recombinant interfering plasmid, which was proved by sequencing, together with the other three types of packaging plasmids (pRsv-REV, pMDlg-pRRE and pMD2G, respectively). After 72 h, the supernatant was harvested and concentrated. The virus titer was determined and calibrated in the 293T cell lines. The 293T cell culture medium was then filtered and concentrated to obtain a SOCS siRNA lentivirus solution and kept in a collection cup at -80˚C.
Lentiviral transfection in vitro.
To screen the target sequence with the highest interference efficacy in vitro, A549 cells were plated in 6-well plates 18-24 h prior to the experiment and serum-starved overnight, by which time the cells had reached 60-75% confluence. The supernatant from three lentiviruses (100 µl) was added to the wells, according to the following groups: group A, blank; group B, negative control lentivirus plasmid; group C, SH1; group D, SH2; group E, SH3. The transfection medium was replaced at 8 h with fresh growth medium and cells were further incubated for 24 h, or up to 72 h in order to conduct further Western blot analysis.
Fluorescence microscopy. Following 24-h transfection, we observed the transfection effect under a fluorescence microscope. After 72 h, the cells were harvested and Western blotting was used to analyze the extracted protein. Subsequently, the best target site with the highest interfering efficiency was identified.
SDS-PAGE and Western blotting.
To screen the target site, 10 6 -10 7 cells were disrupted in ice-cold cell lysis buffer. Protein sample concentrations were determined using a standard protein concentration assay (Bio-Rad, Herts, UK). Total protein (20 µg) from each sample was loaded onto 10% polyacrylamide gels (Bio-Rad). After electrophoresis, separated proteins were transferred onto immunoblot polyvinylidene fluoride membranes (Merck Millipore, USA). Membranes were then blocked with 5% bovine serum albumin (BSA) in TBST for 1 h at room temperature. Primary antibodies (1:10,000 for β-actin, 1:1,000 for SOCS1 antibodies) were added to Blotto or 0.1% BSA in TBST and incubated with membranes overnight at 4˚C on a rocking platform. After washing with TBST repeatedly (three times, 15 min each), membranes were probed with corresponding anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody for 2 h at room temperature. Membranes went to a second stage of washes in TBST, three times each for 15 min. Immunoblots were visualised by enhanced chemiluminescence (GE Healthcare, Chalfont St. Giles, UK). Results were normalized against β-actin band density used as a loading control.
In vitro cell growth assay. The A549 cells and SOCS1 knockdown A549 cells were placed in 96-well plates, 100 µl (5,000 cells/well) in each well, and treated with TGF-β1 (2 ng/ml); each group was plated in 8 wells. The inhibitory rates of the drugs in the groups treated after TGF-β1 with or without dexamethasone (DXM) were calculated after 48 h of incubation. Control cells received only media. The cells were incubated at 37˚C in an atmosphere of 5% CO 2 for at least 72 h. Four hours before the end of incubation, 100 µg of MTT was added to each well. At the end of the incubation period, the MTT was removed and 100 µl isopropanol mixed with concentrated HCl was then added to terminate the reaction. The optical density (OD) of each well was measured using a microculture plate reader with a test wavelength of 570 nm. The underlining sequences showed that the inserted sequences of the recombinant plasmids matched the designed sequences for RNA interference.
Results
Sequencing results of recombinant RNA interference plasmids. As shown in Table I , the sequencing results of the three recombinant plasmids completely matched the designed sequences, and the detailed sequencing could be seen as the supplement material.
SOCS1 RNA interference lentivirus particles and titering.
Forty-eight hours after co-transfection of the recombinant lentiviral vector Plentivirus-SOCS1-siRNA (Fig. 1) , the supernatant was filtered and concentrated. The lentiviral stock was diluted and titered in A549 cells. The titering concentrations of three recombinant lentiviruses were as follows: SH1, 1.11x10 7 TU/ml; SH2, 1.13x10 7 TU/ml; SH3, 1.26x10 7 TU/ml.
Screening of target site with the optimal interference efficacy.
Western blot analysis was used to screen the optimal target interference site, and target SH2 showed the highest inhibition efficacy. This group of recombinant lentiviruses was used for further assay of cell survival. (Fig. 2) MTT assay. MTT assay results showed that A549 cells transfected by Plentivirus-siSOCS1 (the knockdown group), exhibited strong inhibition of cell proliferation when compared to the control and the negative control groups (Fig. 3) .
Discussion
SOCS was discovered in 1997 and was confirmed by three different laboratories (15) . To date, eight members have been identified. Among these, SOCS1 and SOCS3 are recognized to have the greatest downregulatory activity on the signaling pathway (16) . To the best of our knowledge, this is the first attempt to demonstrate the effect of SOCS1 on the apoptosis of alveolar epithelial cells. We observed an interference knockdown effect of the A549 cells on target protein, which was infected with the lentiviral recombinant vector. The sequencing results confirm the correct sequences of the oligonucleotides, which were inserted into the interference plasmids. Regarding the interference efficacy, the sequencing target SH2 demonstrated the highest inhibitory effect, which was confirmed by Western blotting. This cell line, which stably exhibited an inhibitory effect on SOCS1, was used for the study on cell apoptosis. Assuming that SOCS1 effectively interferes with a target site, we constructed a recombinant lentiviral vector for RNA interference targeting the SOCS1 gene, which was then transfected into alveolar epithelial A549 cells, with packaging plasmids as well, in order to observe its effect on SOCS1 gene expression and cell proliferation. Our results showed that the recombinant lenvivirus-SOCS1-siRNA virus particle inhibited SOCS1 gene expression effectively in the A549 cell line. Cell lines infected with the RNA interference virus exhibited lower proliferation than that of the control and negative control groups (P<0.01). The lentiviral particles for RNA interference, targeting the SOCS1 gene, specifically suppressed SOCS1 gene expression and inhibited alveolar epithelial cell growth and proliferation.
In principle, there are two general siRNA delivery methods: one uses chemically synthesized 21-23 bp siRNA with temporary interference effect, while the other approach is a vector-based siRNA method, that includes the use of interference plasmid and packaging plasmids, which exhibit stable and long-time knockdown activity of targeting genes. In recent years, research has focused on the use of lentivectors, which -like their simple retrovirus counterparts -are devoid of viral proteins, free from replication competent virus, and are additionally able to transduce non-dividing cells (17) . There have been three generations of lentiviral particles. The lentiviral particle used in our study belongs to the third generation. It consisted of three plasmids, pRsv-REV, pMDlg-pRRE, pMD2G, and the interference plasmid. Among them, the interference plasmid contains a region of green fluorescence protein, which could easily identify the transfection efficacy. 
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Our results showed that there were significant RNA interference effects on SOCS1 in alveolar epithelial cells after RNA interference expression plasmid transfection. IPF is a chronic, interstitial lung disease, characterized by diffuse alveolar damage and severe fibrosis, resulting in a steady deterioration of lung function and gas exchange. Epithelial cell death is a crucial early step in the development of the disease (18), followed only later by the fibrotic stage. IPF is triggered by alveolar basement membrane disruption and, in the presence of persisting injurious pathways (19) , activated TGF-β leads to enhanced epithelial apoptosis and epithelial-to-mesenchymal transition as well as fibroblast (20, 21) transformation into myofibroblasts which are resistant to apoptosis (22, 23) . In the present study, alveolar epithelial cell apoptosis was measured using MTT assay. The RNA interference group demonstrated a significantly high level of cell death compared to the control group, which indicated that downregulation of the SOCS1 gene with RNA interference may promote the apoptosis of alveolar epithelial cells and may further lead to the pathogenesis of IPF.
These results advance a novel targeting site for the treatment of idiopathic pulmonary fibrosis. In particular, our findings demonstrating that the lenvivirus-SOCS1-siRNA recombinant virus particle effectively knocks down SOCS1 gene expression in alveolar epithelial cells, will greatly benefit further research on the function of SOCS1. Furthermore, it may be used for animal models of IPF.
In conclusion, we demonstrated a stable cell line of alveolar epithelium using RNA interference targeting SOCS1. MTT assay showed that SOCS1 knockdown promotes the apoptosis of alveolar epithelial cells.
